Abstract. The 28 October 2003 solar flare (X-ray Class X17.2) was one of the most intense solar flares observed in the recent past. In the present investigation we show the unusual ionospheric effects observed in the Brazilian sector during this solar flare, using both the ionospheric sounding observations obtained at the UNIVAP stations:
Introduction
Schunk and Sojka (1996) have described in detail several ionosphere-thermosphere space weather issues and mentioned that weather disturbances in the ionospherethermosphere system can have a detrimental effect on both ground-based and space-based systems. Recent studies by Kelley et al. (2006) indicate that the most severe ionospheric weather occurs within ±20 • of the geomagnetic equator where stored gravitational energy is sometimes released after sunset, depending on the condition of the equatorial ionosphere, to form vast plumes of turbulent plasma. Kelley et al. (2006) have termed this as convective ionospheric storms, to emphasize the analogy of the ionospheric process to thunderstorm. In this paper, we present another class of space weather event when, during a strong solar flare on 28 October 2003, for more than six hours, there were either no ionograms (1 to 20 Mhz) or only partial ionograms (high frequency end) obtained at two Brazilian ionospheric sounding stations viz., Palmas (10.2 • S, 48.2 • W; hereafter referred to as PAL) and Sao Jose dos Campos (23.2 • S, 45.9 • W; hereafter referred to as SJC). This indicates complete or partial fade-out of short-wave radio propagation through the ionospheric region in this sector. Needless to say that the radio fade-out for several hours must have resulted in enormous difficulties to several agencies and organizations associated with radio-communication and transmission of radio programs in this region.
The solar flare on 28 October 2003 was amongst the most intense (X17.2) recorded by the National Oceanic and Atmospheric Administration (NOAA), USA, in recent years. Using data from about 100 GPS receivers around the globe and the Global Ultraviolet Imager (GUVI) in the NASA TIMED satellite mission, Tsurutani et al. (2005) have analyzed this extreme EUV solar flare and resultant extreme ionospheric effects. It should be mentioned that Tsurutani et al. (2005) have observed an enhancement of about 25 TECU (25×10 12 electrons/cm 2 ) for about 3 h, in an extended area covering mostly Africa, Eastern South America and Central America, the region with overhead Sun, soon after the solar flare. It should be mentioned that a recent report (http://spaceflightnow.com/news/n0704/04gpssun) related to solar flare on 5 December 2006, indicates that GPS systems around the globe were significantly impacted by a powerful solar radio burst. In this paper we present, in addition to the ionospheric sounding observations from PAL and SJC, the complementary GPS data available from several stations in the Brazilian sector (Table 1) 
Solar flare radiations
As mentioned by Papagiannis (1972) , most of the sudden ionospheric disturbances (SIDs) are directly related to the ionization of the D-layer, which is the result of the X-ray burst from the solar flare. During quiet days, the D-region is maintained by the Lyman-α (121.6 nm) emission from the Sun and by the galactic cosmic rays (lower D-region). The quiet Sun emits practically no X-rays below 1 nm and therefore all the solar X-rays are stopped above the D-region. The X-ray emission from a flare, however, extends easily into the 0.1 nm range, which can reach the D-region and increase its electron density by at least one order of magnitude. Hargreaves (1992) points out that the nature and timing of the shortwave fadeout (SWF) immediately provides two clues to its nature. The simultaneity between the fadeout and the visible flare (as seen in the red light of the Balmer-α line (656.3 nm)) shows that the cause is electromagnetic; and the occurrence of radio absorption indicates that the electron density in the D-region has been increased. Thus, the enhancement is most likely to be in the Lyman-α or the Xray flux. Lyman-α is enhanced by a few percent during a flare, and for many years this was thought to be the cause of the SWF. However, when it became possible to measure hard X-rays from rockets it was observed that they intensified by several powers of ten during a flare; thus, the SWF is now attributed to the X-rays from the flare. Davies (1990a) classified X-ray flares, in the wavelength range 1-8 A (0.1-0.8 nm), as C, M, and X, depending on the power flux level, φ.
Class Peak flux (W m −2 ) C 10 −6 ≤φ≤10 −5 M 10 −5 ≤φ≤10 −4 X 10 −4 ≤φ Davies (1990b) points out that X-ray flares are increased emissions in the wavelength range 1-8 A. They are particularly important from the point of view of the ionospheric radio because these wavelengths ionize the D-region, which results in radio absorption. Most class-X flares and some class-M flares produce short-wave fadeouts that affect radio communication. During solar flares extreme EUV radiation also show unusual enhancements (see Fig. 1 of Tsururatni et al., 2005) . 
Observations
In order to initiate the establishment of a new ionospheric sounding network in Brazil, a Canadian Advanced Digital Ionosonde (CADI) (Grant et al., 1995) was put in operation at SJC in August 2000 by the Universidade do Vale do Paraiba (UNIVAP). This was followed by the installation of two more CADIs at PAL and Manaus (2.9 • S, 60.0 • W), in collaboration with the Universidade Luterana do Brasil (ULBRA). Due to some technical problems with the CADI at Manaus, only data from SJC and PAL are presented in this work. Details of the two ionospheric sounding stations (PAL and SJC) used in the present study are given in Table 1. It should be mentioned that PAL is a near-equatorial station, whereas SJC is located under the southern crest of the equatorial ionospheric anomaly. The two ionospheric sounding stations (PAL and SJC) have the same local time, with UT=LT+3 h. Figure 1 shows the locations of the two ionospheric soundings and four GPS stations used in the present investigations.
The CADI transmits frequencies from 1 to 20 MHz, with 600 W power, and the transmitted pulse has a length of 40 µs, which gives a ±3 km height resolution. The antenna is a double delta dipole array supported by a 20-m tower, where one of the dual antennas is used for transmitting, and the other one is used for receiving. The CADI operates in two different scanning modes. In the first mode it scans 180 frequencies every 300 s, to provide a normal ionogram. In the second mode it scans only 6 frequencies (3, 4, 5, 6, 7 and 8 MHz), but with a higher temporal resolution (100 s). Using the software developed at the UNIVAP called UNIVAP DIG-ITAL IONOSONDE DATA ANALYSIS -UDIDA, it is possible to visualize ionograms on a PC screen and scale different ionospheric parameters. UDIDA also provides the daily height variations at the six fixed frequencies obtained in a higher time resolution, known as iso-frequency plots. The iso-frequency plots from observations on UT days 27 (a normal day) and 28 October 2003 (solar flare day) at PAL and SJC are shown in Fig. 2 . It should be mentioned that due to some technical problem, the CADI at PAL was not operational from about 08:20 UT to 10:40 UT on 28 October 2003 and it was just returning to provide normal ionograms when the solar flare resulted in a fade out.
The GPS data obtained at the four stations presented in Table 1 are used to obtain the vertical total electron content (VTEC) on UT days 27 and 28 October 2003 (Fig. 3) . 4 Results and discussion Mitra (1974) has published an excellent review on the ionospheric effects of solar flares. As discussed earlier and mentioned by Tsurutani et al. (2005) , the impulsive ionization of the flare radiation causes enhanced ionization over a broad altitude range from the D-region (80-100 km altitude) all the way to the F-region (the F-region peak is at about the 300-km altitude). It should be mentioned that the sunspot group 486 was near the solar disc center on 28 October 2003 and unleashed a huge H-alpha 4B/X-17.2 class solar flare at about 11:00 UT (N. Srivastava, Udaipur Solar Observatory, India, private communication, 2004) . Figure 3 shows the vertical total electron content observations at the four GPS stations (Table 1) on 27 October (a normal day) and 28 October (solar flare day). The observations on 27 October (green lines) are repeated on 28 October, as well, just for a comparative study. It is observed in Fig. 3 that soon after the solar flare on 28 October, all four stations show a sudden increase in the TEC levels (black dotted vertical line). A blowup of the VTEC data near the flare time in Fig. 3 indicates that the average TEC enhancements observed at the four stations are about 25 TECU and last for about 3 h. The observations are very similar to that reported by Tsurutani et al. (2005) . The TEC enhancements observed are due to the enhancements in the extreme EUV radiations associated with the intense solar flare (Tsurutani et al., 2005, Zhang and Xiao, 2005) .
As mentioned earlier due to some technical problem, the ionospheric sounding at PAL stopped between 08:20 UT and 10:40 UT. The vertical red line in Fig. 2 shows the time of the solar flare maximum (11:10 UT). It should be pointed out that to obtain the iso-frequencies plots the sounding frequencies are limited up to 8 MHz. Figure 2 shows that before the red vertical line there are increasing partial absorptions with lower frequencies at SJC. From 10:00 UT to 11:00 UT, only partial ionograms, with the lower frequency end missing, was observed at SJC. From 11:05 UT to 12:10 UT (sixtyfive minutes), no ionograms were observed at SJC. Again, from 12:15 UT to 16:40 UT, only partial ionograms, with the lower frequency end missing was observed at SJC. At PAL the ionospheric sounding started again at 10:45 UT, with partial ionograms up to 11:00 UT. From 11:05 UT to 11:50 UT (forty-five minutes) there were no ionograms observed at PAL. From 12:00 UT to 16:40 UT, only partial ionograms were observed at PAL. The complete ionograms at both stations were observed only at about 16:45 UT. Therefore, total + partial radio fade out lasted for more than 6 h (6 h and 40 min) in the Brazilian sector. Figure 4 shows four ionograms, each from both the stations, with ionograms observed on 28 October (red line; total + partial fade out) and 27 October (black; no fade out), for comparison. Figure 4 shows examples of partial radio wave absorption at 10:45, 12:15, and 16:00 UT and total radio wave absorption at 11:45 UT observed at PAL and SJC. Figure 5 shows X-ray flux (1-8 A and 0.5-4 A) observed on 28 October by the satellite GEOS 12 from 00:00 UT to 24:00 UT. A perusal of Fig. 5 indicates unusually large enhancements in both the bands (1-8 A and 0.5-4 A), starting at about 10:00 UT. As discussed earlier, the enhanced X-ray flux is responsible for an additional ionization in the D-layer, resulting in total + partial ionograms observed on 28 October in the Brazilian sector. The partial absorption of radio waves (frequencies <9 MHz) is caused by a decrease in the signal intensity in the medium and short waves (see Fig. 3 in Mitra, 1974, p. 5) .
Each GPS satellite, orbiting at an altitude of 20 200 km, transmits two carrier frequencies (L1=1.57542 GHz and L2=1.22760 GHz; ultra high frequency) and TEC is indicative of the total electrons in the path between the satellite and a ground receiver. Therefore, the enhancements in TEC observed in the present investigations (see also Tsurutani et al., 2005; Zhang and Xiao, 2005) are related to the ionospheric electron density changes as a result of the additional ionization, due to the solar flare extreme EUV. Recently, Liu (2004 Liu ( , 2006 have investigated solar flare signatures of the ionospheric GPS total electron content and have reported that the maximum value of the TEC increase solely depends on the flare class, while the maximum rate of TEC change is related to not only the flare class but also to the time rate of change in the flare radiations. It appears that the GPS/TEC observations, which are due to the line-of-sight ultra high frequency propagation between a satellite and ground-based receiver, just reflect the electron density enhancements in the ionospheric region following an intense solar flare. On the other hand, the ionospheric sounding using short and medium radio waves (1-20 MHz) depends on the reflection on these waves from the ionospheric region to generate ionograms. As discussed by Mitra (1952) , a sudden and intense increase in the ionization in the ionosphere is found to occur simultaneously with solar flares, resulting in the extreme cases in a complete fade out of radio signals over the Sun-lit region. As presented earlier X-ray flares are responsible for the enhanced ionization in the D-layer, resulting in the absorption of radio waves used for ionospheric sounding.
Figures 6 and 7 show another event of total + partial absorption of the ionospheric sounding frequencies on 4 November 2001 observed at SJC (at that time the ionospheric sounding at PAL was not in operation) during a less intense solar flare (X-1.0). During this solar flare no ionograms were obtained during the period 16:15 UT to 16:55 (forty minutes) and the duration for total + partial absorption of radio waves was about 3 h. Figure 6 shows X-ray flux (1-8 A and 0.5-4 A) observed on 4 November by the satellite GEOS 12 from 12:00 UT to 24:00 UT. Figure 7 shows 4 sets of ionograms obtained on 3 (black; normal day) and 4 November (red; day with solar flare) at SJC. Figure 7 shows examples of partial radio-wave absorption at 15:55, 17:00 and 18:00 UT and total radio-wave absorption at 16:15 UT observed at SJC.
The present investigations indicate that although the sudden enhancements in GPS/TEC lasted for about three hours, the radio fade out, as indicated by the ionospheric soundings, lasted for more than six hours. The absence of radiocommunication/transmission for such a long period must have resulted in enormous difficulties to various operating agencies. It is hoped that in a future investigation more case studies that are similar will be undertaken. This will be of immense importance for the present interest in space weather studies. 
Conclusions
In this paper, we have presented and discussed the ionospheric sounding and GPS observations carried out at several stations in the equatorial and low-latitude regions in Brazil following the intense solar flare on 28 October 2003. The principal results of the investigations are summarized below:
1. The GPS observations at four stations (Table 1) show sudden TEC enhancements of about 25 TECU, lasting for about three hours, during the intense solar flare.
2. It appears that during intense solar flares extreme ultraviolet radiation can penetrate into the ionosphere, causing an increase in ionization and resulting in GPS/TEC enhancements of about 25 TECU for about 3 h.
3. The ionospheric sounding observations at PAL and SJC show a lack of complete ionograms (total + partial radio wave absorption) for more than six hours. At PAL the period of total absorption was 45 min, whereas at SJC the period of total absorption was 65 min.
4. The total + partial radio fade out for more than six hours in the Brazilian sector, due to unusual enhancements in the solar flare X-ray radiation must have resulted in enormous difficulties to the radio station operating agencies using ionospheric radio transmissions.
5. Another less intense solar flare on 4 November 2001 exhibited similar characteristics of radio-wave absorption to that observed on 28 October.
